Detection of polymorphisms in bovine toll-like receptors 3, 7, 8, and 9  by Cargill, E.J. & Womack, J.E.
7) 745–755
www.elsevier.com/locate/ygenoGenomics 89 (200Detection of polymorphisms in bovine toll-like receptors 3, 7, 8, and 9☆
E.J. Cargill 1, J.E. Womack ⁎
Department of Pathobiology, College of Veterinary Medicine, Texas A&M University, College Station, TX 77843-4467, USA
Received 13 November 2006; accepted 27 February 2007
Available online 17 April 2007Abstract
The toll-like receptors (TLRs) detect molecular signatures of invaders known as pathogen-associated molecular patterns (PAMPs). Ten
members of the TLR family have been identified in cattle to date and 4 of these recognize PAMPs specific to viruses (TLRs 3, 7, 8, 9). The
objective of this work was to detect polymorphisms in the genomic sequences of bovine TLRs 3, 7, 8, and 9. To achieve this objective, a panel of
nine breeds representing Bos taurus and Bos indicus was assembled for sequencing and comparison with the Bovine Genome Project sequence.
Comparative sequence analysis revealed a total of 139 polymorphisms, which include single-nucleotide polymorphisms and insertion–deletion
polymorphisms. Of the 139 polymorphisms, 88% (N=123) are novel. In addition, the protein domain architecture of these four TLRs was
examined between human, mouse, cow, and dog, which revealed several regions of conservation in the TLR variable leucine-rich-repeat
patterning.
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dendritic cells, recognize invading pathogens they initiate
activation of the entire immune system. The sentries of the
innate immune cells are the toll-like receptors (TLRs), which
have been shown to detect molecular signatures of invaders
known as pathogen-associated molecular patterns (PAMPs) [1].
Detection of viral PAMPs by the host is essential for initiation of
antiviral responses. Four TLR family members recognize
PAMPs specific to viruses: TLR3 responds to double-stranded
RNA, TLRs 7 and 8 respond to single-stranded RNA, and
TLR9 responds to CpG DNA in both viruses and bacteria [2–4].
Because of their role in a host's defense against viruses, TLRs 3,
7, 8, and 9 (viral recognition TLRs, vrTLRs) are candidates for
studies of resistance or susceptibility to viral infection in cattle.
Menzies and Ingham [5] identified expression of bovine and
ovine TLRs 1 through 10 in selected tissues. All 10 bovine☆ Sequence data from this article have been deposited with the GenBank Data
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doi:10.1016/j.ygeno.2007.02.008TLRs have also been radiation hybrid (RH) mapped [6]. The
locations of the bovine TLRs have been independently
confirmed (E.J. Cargill and J.E. Womack, unpublished data)
using a publicly available 5000-rad RH panel [7]. With the
exception of a functional analysis of TLR9 [8], little has been
published to date specifically focused on the bovine vrTLRs.
The main objective of this work was to detect polymorphisms in
the genomic sequences of the bovine vrTLRs.
To achieve this objective, a panel of nine breeds representing
Bos taurus and Bos indicus was assembled (Angus, Braford,
Brahman, Charolais, Holstein, Limousin, Nelore, Piedmontese,
Romagnola), with inclusion of the Hereford reference sequence
from the Bovine Genome Project (http://www.hgsc.bcm.tmc.
edu/projects/bovine/). Further description of each breed's
history and ancestry can be found at the Oklahoma State
University, Department of Animal Science, Breeds of Cattle
Web resource (http://www.ansi.okstate.edu/breeds/cattle/).
Comparative sequence analysis of the vrTLRs in these breeds
revealed polymorphisms that may provide novel, informative
genetic markers for future use in association studies of viral
infection resistance or susceptibility.
In addition, the protein domain architecture of the vrTLRs
was examined between human, mouse, cow, and dog to
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TLR variable leucine-rich-repeat (LRR) patterning. The LRRs
of the TLRs are hypothesized to be involved with specific
pathogen recognition [1].
Results
Polymorphisms detected
In total 21,715 bp representing the vrTLRs were sequenced
from nine breeds, including comparison with the Hereford
reference sequence from the Bovine Genome Project, to
detect 130 single-nucleotide polymorphisms (SNPs), which is
an average of 1 SNP every 167 bp. Nine insertion–deletion
polymorphisms (INDELs) were also detected. Of the 130
SNPs 63% (N=82) were AG or TC, 19% (N=25) were CA
or GT, 12% (N=16) were GC, and 6% (N=7) were AT base
changes. Tables 1–5 also report the novelty of each poly-
morphism to authors' best knowledge. Flanking sequences of
the SNPs were BLASTed against the National Animal
Genome Research Program bovine SNP BLAST server (http://
www.animalgenome.org/blast/q_bovsnp.html). Public literature
was also consulted to determine if the polymorphisms (including
INDELs) were novel. Based on these findings, 88% (N=123) of
the total polymorphisms described here are being reported for
the first time. The characterization of these new polymorphisms
increases the resolution of the genetic markers available for
mapping and association analyses within and surrounding the
vrTLRs.
TLR3
Bovine TLR3 is located on BTA27 [6]. The TLR3 mRNA
consists of five exons and is 3025 bp including 5′ and 3′
untranslated regions (UTRs), according to the National Center
for Biotechnology Information (NCBI) reference sequence
(Accession No. NW_001021053). The genomic size of TLR3 is
10,948 bp and the protein is 904 aa.
A putative promoter and/or promoter elements were not
detected by WWW Promoter Scan (http://bimas.dcrt.nih.gov/
molbio/proscan/) in 331 bp of upstream flanking sequence of the
5′ UTR. In addition, no CpG islands were detected in the TLR3
genomic sequence by CpGPlot (http://www.ebi.ac.uk/emboss/
cpgplot/). There are 18 distinct repetitive elements (such as
microsatellites, SINEs, and LINEs) detected by RepeatMasker
(http://www.repeatmasker.org/) in the TLR3 genomic sequence.
Comparative sequence analysis of the 10 breeds examined in
this study revealed a total of 96 polymorphisms in the TLR3
genomic sequence. Of the 96 polymorphisms, 88 are SNPs and
8 are INDELs. None of the 8 INDELs occur in the TLR3 coding
region or UTRs. Three of the SNPs are nonsynonymous
(nsSNP), 4 are synonymous (sSNP), 3 occur in the UTRs
(uSNP), and the remaining 78 occur in introns or sequence
flanking the 5′ and 3′ UTRs. The SNPs detected in TLR3 are
listed in Table 1 and the INDELs are listed in Table 5. The
GenBank accession numbers for the TLR3 sequences generated
from each breed are listed in Table 1.TLR7
Bovine TLR7 is located on BTAX [6]. The TLR7 coding
region comprises one exon and is 3401 bp including a 3′ UTR,
according to the NCBI reference sequence (Accession No.
NW_290787). The TLR7 protein is 1058 aa. The 5′ UTR of
bovine TLR7 has yet to be reported; thus the complete genomic
structure and sequence of the gene are undetermined.
A putative promoter and/or promoter elements were not
detected by WWW Promoter Scan (http://bimas.dcrt.nih.gov/
molbio/proscan/) in 562 bp of upstream flanking sequence of
the coding region. In addition, no CpG islands were detected in
the TLR7 sequence by CpGPlot (http://www.ebi.ac.uk/emboss/
cpgplot/). One SINE was detected by RepeatMasker (http://
www.repeatmasker.org/) in the TLR7 sequence.
Comparative sequence analysis of the 10 breeds examined in
this study revealed a total of 14 polymorphisms in the TLR7
sequence. Of the 14 polymorphisms, 13 are SNPs and 1 is an
INDEL. The INDEL occurs in the 3′UTR. Four of the SNPs are
nsSNP, 2 are sSNP, 3 are uSNP, and the remaining 4 occur in
introns or sequence flanking the start codon and 3′ UTR. The
SNPs detected in TLR7 are listed in Table 2 and the INDEL is
listed in Table 5. The GenBank accession numbers for the TLR7
sequences generated from each breed are listed in Table 2.
TLR8
Bovine TLR8 is located on BTAX [6]. The TLR8 coding
region comprises one exon and is 3102 bp, according to the
NCBI reference sequence (Accession No. NC_007331). The
TLR8 protein is 1033 aa. The 5′ and 3′ UTRs of bovine TLR8
have yet to be reported; thus the complete genomic structure and
sequence of the gene are undetermined.
A putative promoter and/or promoter elements were not
detected by WWW Promoter Scan (http://bimas.dcrt.nih.gov/
molbio/proscan/) in 370 bp of upstream flanking sequence of
the coding region. In addition, no CpG islands were detected in
the TLR8 sequence by CpGPlot (http://www.ebi.ac.uk/emboss/
cpgplot/). One LTR repetitive element was detected by
RepeatMasker (http://www.repeatmasker.org/) in the TLR8
sequence.
Comparative sequence analysis of the 10 breeds examined in
this study revealed a total of 12 polymorphisms in the TLR8
sequence. All 12 polymorphisms are SNPs of which 7 are
nsSNP and 4 are sSNP, and the remaining SNP occurs
downstream of the stop codon, potentially in the 3′ UTR. The
SNPs detected in TLR8 and the GenBank accession numbers for
the TLR8 sequences generated from each breed are listed in
Table 3.
TLR9
Bovine TLR9 is located on BTA22 [6]. The TLR9 mRNA
consists of two exons and is 3255 bp including 5′ and 3′ UTRs,
according to the NCBI reference sequence (Accession No.
NC_007320). The genomic size of TLR9 is 4264 bp and the
protein is 1029 aa.
Table 1
SNPs detected in bovine TLR3 by comparative sequence analysis of 10 breeds a
Alleles Genomic b mRNAc aa pos d aa e Novel f Intrabreed g Interbreed h dbSNP ID
G/C −2376 Y n ss69357213
G/A −2315 Y bd ss69357214
A/G −2031 Y c a, l ss69357215
A/G −1914 Y c a, bd, l, n ss69357216
A/T −1872 Y c, hn, p a, l ss69357217
T/C −1865 Y c, hn hd, r ss69357218
G/A −1858 Y bn, c, hn hd, p, r ss69357219
C/T −1847 Y a, bn, c, p l ss69357220
G/A −1776 Y n ss69357221
C/T −1650 Y p n ss69357222
T/A −1589 Y l ss69357223
A/G −1459 Y n ss69357224
A/C −1326 Y l, p c, hd, hn ss69357225
T/C −1296 Y c, hd, hn ss69357226
G/A −1049 Y bd, n ss69357227
G/A −1046 Y bd, n ss69357228
A/G −942 N c, hn hd ss69357229
G/A −894 N hd ss69357230
T/G −888 N hd ss69357231
C/A −846 N hd ss69357232
G/T −731 N bd ss69357233
T/C −584 N c, hn ss69357234
G/T −579 N c, hn hd ss69357235
G/T −578 N c, hn hd ss69357236
G/T −569 N c, hn hd ss69357237
C/T −551 N c, hn ss69357238
G/T −504 N c, hn hd ss69357239
G/A −426 N c, hn bd, hd, n ss69357240
C/T −390 N bd ss69357241
G/A −102 Y hn ss69357242
T/A −99 Y c, n bd ss69357243
G/C −3 Y c, hn ss69357244
T/A 451 Y c hd, hn ss69357245
A/G 472 Y n bd ss69357246
G/A 486 Y c hd, hn ss69357247
T/C 735 Y c bd, hn, n ss69357248
C/G 772 Y n bd ss69357249
C/A 826 Y c hn ss69357250
A/G 1001 Y n bd ss69357251
A/C 1080 Y n ss69357252
A/G 1132 Y bd, n ss69357253
C/G 1153 Y hn ss69357254
T/C 1345 Y c hd ss69357255
G/A 1477 Y c hd ss69357256
T/C 1719 Y a, bn ss69357257
C/T 1723 Y c, hn hd ss69357258
C/T 2024 522 174 L/L Y c, hn ss69357259
T/C 2345 Y a, bn, c, n ss69357260
G/A 2695 Y c, hn ss69357261
C/T 2741 Y c, hn ss69357262
G/T 2763 Y c, hn ss69357263
T/C 2869 Y bd, n ss69357264
C/G 3156 Y bd n ss69357265
A/T 3167 Y bn, p r ss69357266
T/G 3218 Y bd, n ss69357267
C/T 3222 Y a ss69357268
A/G 3672 Y a, c, hn hd ss69357269
A/G 3855 Y a, c, hn hd ss69357270
C/T 4098 Y a, c, hn ss69357271
A/G 4405 Y bd, n ss69357272
T/G 4430 Y bd, n ss69357273
C/T 4692 Y bd, n ss69357274
(continued on next page)
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Table 1 (continued)
SNPs detected in bovine TLR3 by comparative sequence analysis of 10 breeds a
Alleles Genomic b mRNAc aa pos d aa e Novel f Intrabreed g Interbreed h dbSNP ID
A/G 5400 1015 339 I/V Y n ss69357275
G/A 5661 1276 426 G/S Y p l ss69357276
A/G 6293 1908 636 R/R Y a, c, hn bd, hd, n ss69357277
G/T 6376 1991 664 S/I Y a, c, hn bd, n ss69357278
G/A 6470 2085 695 S/S Y a, c, hn ss69357279
A/G 6977 Y a, c, hn hd ss69357280
A/T 7021 Y a, c, hn hd ss69357281
C/T 7095 Y bd, n ss69357282
G/A 7130 Y a, c, hn hd ss69357283
C/T 7244 Y n bd ss69357284
A/G 7526 Y a, c, hd, hn ss69357285
C/G 7533 Y a, c, hd, hn ss69357286
G/A 7539 Y a c, hd, hn ss69357287
T/C 7552 Y a c, hd, hn ss69357288
G/A 7553 Y bd ss69357289
C/A 7558 Y a c, hd, hn ss69357290
C/T 7582 Y p bd ss69357291
T/G 7681 Y hd ss69357292
C/T 7702 Y a, bd, c, hd, hn ss69357293
C/T 7858 Y a, c, hn hd ss69357294
G/A 8077 2649 883 K/K Y a, c, hn hd ss69357295
C/A 8239 Y n bd ss69357296
A/C 8250 Y a, c, hn, n, p r ss69357297
T/G 8468 Y bd, hd, l ss69357298
C/G 8507 Y bd, hd, l ss69357299
T/G 8616 Y hd ss69357300
The GenBank accession numbers for the TLR3 sequences generated from each breed
Breed GenBank Breed GenBank Breed GenBank
Angus EF076742 Charolais EF076745 Nelore EF076748
Braford EF076743 Holstein EF076746 Piedmontese EF076749
Brahman EF076744 Limousin EF076747 Romagnola EF076741
a a, Angus; bd, Braford; bn, Brahman; c, Charolais; hd, Hereford; hn, Holstein; l, Limousin; n, Nelore; p, Piedmontese; r, Romagnola.
b Genomic position; + or – bp from the first base of the start codon.
c mRNA position.
d Amino acid position.
e Amino acid(s) resulting from a polymorphism in the coding region.
f Novelty of the polymorphism: Y, this is the first report of the polymorphism to the authors' knowledge; N, this polymorphism has been previously reported.
g Intrabreed polymorphism, heterozygous in the breeds listed.
h Interbreed polymorphism, minor allele is homozygous in the breeds listed.
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by WWW Promoter Scan (http://bimas.dcrt.nih.gov/molbio/
proscan/) in 503 bp of upstream flanking sequence of the 5′
UTR. The putative promoter occurs on the reverse strand from
−493 to −243 bp from the first base of the TLR9 5′ UTR. In
addition, two CpG islands were detected in the TLR9 genomic
sequence by CpGPlot (http://www.ebi.ac.uk/emboss/cpgplot/),
which occur in the TLR9 coding region. The first CpG island is
located from +3095 to +3353 bp from the first base of the start
codon. The second CpG island is located from +3556 to
+3976 bp from the first base of the start codon. Two repetitive
elements (a microsatellite and a C-rich region) were detected by
RepeatMasker (http://www.repeatmasker.org/) in the TLR9
genomic sequence.
Comparative sequence analysis of the 10 breeds examined in
this study revealed a total of 17 polymorphisms in the TLR9sequence. All 17 polymorphisms are SNPs, of which 2 are
nsSNP and 7 are sSNP, and the remaining SNPs occur in the
intron or sequence flanking the 5′ UTR. The SNPs detected in
TLR9 and the GenBank accession numbers for the TLR9
sequences generated from each breed are listed in Table 4.
Discussion
TLR structure
Toll-like receptors are membrane-bound proteins usually
present at the cell surface, but they can also be membrane-
bound internally such as in endosomes [9]. Meylan and
Tschoop [9] provide a recent, detailed review of the vrTLRs;
however, a brief overview is provided here. When an invading
viral PAMP is recognized, an antiviral TLR-dependent
Table 2
SNPs detected in bovine TLR7 by comparative sequence analysis of 10 breeds a
Alleles Genomic b mRNAc aa pos d aa e Novel f Intrabreed g Interbreed h dbSNP ID
T/C −262 Y n ss69357301
C/T −88 Y hd, n ss69357302
C/T −36 Y n ss69357303
C/T 306 306 102 I/I Y n ss69357304
G/A 325 325 109 V/I Y n ss69357305
A/C 1137 1137 379 K/N Y l ss69357306
G/A 2283 2283 761 L/L Y l ss69357307
G/A 2503 2503 835 V/I Y h ss69357308
G/A 2533 2533 845 D/N Y bn, hn, p ss69357309
G/A 3258 3258 Y n ss69357310
G/C 3301 3301 N n ss69357311
G/C 3376 3376 N hd ss69357312
G/C 3614 N n ss69357313
The GenBank accession numbers for the TLR7 sequences generated from each breed
Breed GenBank Breed GenBank Breed GenBank
Angus EF076732 Charolais EF076735 Nelore EF076738
Braford EF076733 Holstein EF076736 Piedmontese EF076739
Brahman EF076734 Limousin EF076737 Romagnola EF076740
a a, Angus; bd, Braford; bn, Brahman; c, Charolais; hd, Hereford; hn, Holstein; l, Limousin; n, Nelore; p, Piedmontese; r, Romagnola.
b Genomic position; + or – bp from the first base of the start codon.
c mRNA position.
d Amino acid position.
e Amino acid(s) resulting from a polymorphism in the coding region.
f Novelty of the polymorphism: Y, this is the first report of the polymorphism to the authors' knowledge; N, this polymorphism has been previously reported.
g Intrabreed polymorphism, heterozygous in the breeds listed.
h Interbreed polymorphism, minor allele is homozygous in the breeds listed.
Table 3
SNPs detected in bovine TLR8 by comparative sequence analysis of 10 breeds a
Alleles Genomic b mRNAc aa pos d aa e Novel f Intrabreed g Interbreed h dbSNP ID
C/G 30 30 10 S/S Y a, p, r ss69357314
G/C 837 837 279 L/L Y hd, l, n ss69357315
A/C 877 877 293 R/R Y hd, l, n ss69357316
C/T 1038 1038 346 Y/Y Y hd, l, n ss69357317
T/C 1045 1045 349 Y/H Y hd, l, n ss69357318
A/T 1130 1130 377 K/M Y hd, l, n ss69357319
A/C 1153 1153 385 N/H Y hd, l, n ss69357320
C/A 1224 1224 408 H/Q Y hd, l, n ss69357321
G/A 1430 1430 477 S/N Y hd, l, n ss69357322
G/A 1475 1475 492 S/N Y hd ss69357323
C/A 2316 2316 772 F/L Y hd, l, n ss69357324
G/A 3236 Y hd, l, n ss69357325
The GenBank accession numbers for the TLR8 sequences generated from each breed
Breed GenBank Breed GenBank Breed GenBank
Angus EF076715 Charolais EF076718 Nelore EF076721
Braford EF076716 Holstein EF076719 Piedmontese EF076722
Brahman EF076717 Limousin EF076720 Romagnola EF076714
a a, Angus; bd, Braford; bn, Brahman; c, Charolais; hd, Hereford; hn, Holstein; l, Limousin; n, Nelore; p, Piedmontese; r, Romagnola.
b Genomic position; + or – bp from the first base of the start codon.
c mRNA position.
d Amino acid position.
e Amino acid(s) resulting from a polymorphism in the coding region.
f Novelty of the polymorphism: Y, this is the first report of the polymorphism to the authors' knowledge; N, this polymorphism has been previously reported.
g Intrabreed polymorphism; heterozygous in the breeds listed.
h Interbreed polymorphism; minor allele is homozygous in the breeds listed.
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Table 4
SNPs detected in bovine TLR9 by comparative sequence analysis of 10 breeds a
Alleles Genomic b mRNAc aa pos d aa e Novel f Intrabreed g Interbreed h dbSNP ID
A/G −478 Y hn, l, r bn, hd, n ss69357326
G/C 87 Y r ss69357327
G/C 258 Y bn ss69357328
A/G 319 Y bn, hn, l ss69357329
T/C 330 Y bn, hn, l, r hd, n ss69357330
C/T 352 Y l ss69357331
T/C 723 Y hn, l, r bn, n ss69357332
C/T 935 Y r n ss69357333
C/T 1308 299 100 A/V Y n ss69357334
G/A 2074 1065 355 L/L Y bn, hn, l ss69357335
G/A 2196 1187 396 R/H Y bn, hn, l ss69357336
A/G 2638 1629 543 P/P Y bn, hn, l ss69357337
G/C 2848 1839 613 A/A Y hn, l, r bn, n ss69357338
C/T 3142 2133 711 I/I Y r ss69357339
G/A 3469 2460 820 S/S Y hn, l ss69357340
C/G 3709 2700 900 L/L Y r ss69357341
G/A 3751 2742 914 T/T Y r ss69357342
The GenBank accession numbers for the TLR9 sequences generated from each breed
Breed GenBank Breed GenBank Breed GenBank
Angus EF076724 Charolais EF076727 Nelore EF076730
Braford EF076725 Holstein EF076728 Piedmontese EF076731
Brahman EF076726 Limousin EF076729 Romagnola EF076723
a a, Angus; bd, Braford; bn, Brahman; c, Charolais; hd, Hereford; hn, Holstein; l, Limousin; n, Nelore; p, Piedmontese; r, Romagnola.
b Genomic position; + or – bp from the first base of the start codon.
c mRNA position.
d Amino acid position.
e Amino acid(s) resulting from a polymorphism in the coding region.
f Novelty of the polymorphism: Y, this is the first report of the polymorphism to the authors' knowledge, N, this polymorphism has been previously reported.
g Intrabreed polymorphism; heterozygous in the breeds listed.
h Interbreed polymorphism; minor allele is homozygous in the breeds listed.
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and NF-κB are targeted by the cascade and they promote
antiviral responses through the induction of specific genes
such as type I interferons. In addition to a single transmem-
brane domain, TLRs are characterized by extracellular LRR
domains and a cytoplasmic toll/interleukin-1 receptor (TIR)Table 5
INDELs detected in bovine TLRs 3 and 7 by comparative sequence analysis of 10 b
Gene INDELb bp c Genomic d Sequence (5′ - 3′)
TLR3 Deletion 1 871 G
Deletion 16 924–939 TATCCAATGGCTACCA
Deletion 3 3206–3208 TTC
Deletion 4 3792–3795 TAAT
Insertion 4 4063–4066 TTTC
Deletion 1 7680 T
Deletion 2 8467–8468 CG
Deletion 83 8514–8596 GAAAAGTTAGAGGTATATAAGGGT
TTTTTCTGGATGCACTCAGAATAA
TLR7 Deletion 4 3319–3322 AAAG
a a, Angus; bd, Braford; bn, Brahman; c, Charolais; hd, Hereford; hn, Holstein; l,
b Type of INDEL compared to the Hereford reference sequence.
c Number of base pairs of insertion or deletion.
d Genomic position; + or – bp from the first base of the start codon.
e Novelty of the polymorphism; Y, this is the first report of the polymorphism to
f Intrabreed, heterozygous in the breeds listed; Interbreed, homozygous in the bredomain [10]. LRRs occur in proteins ranging from viruses to
eukaryotes and appear to provide a structural framework for
the formation of protein–protein interactions. When activated,
TIR domains recruit the cytoplasmic adaptor proteins MyD88
and TOLLIP, which in turn associate with various kinases to
set off signaling cascades.reeds a
Novel e Intrabreed f Interbreed f
Y bd
Y a, hn
Y l
Y p l
Y hd
Y hd
Y l
TTGTGATAATATATTTATTT
AATATGACTTTTAA
Y a, bn, c, hn, n, p, r
Y n
Limousin; n, Nelore; p, Piedmontese; r, Romagnola.
the authors' knowledge. N, this polymorphism has been previously reported.
eds listed.
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similar to sequences from other mammalian species. The
bovine mRNAs have the following similarities to the
mRNAs of the human, mouse, and dog, respectively:Fig. 1. Comparison of the leucine-rich-repeats (LRRs) domain architecture between
nsSNPs in the cow. LRR domain architecture was generated by SMART [10]. Hum
(with the exception of dog TLR8, as a protein reference sequence is not currentl
transmembrane domain and TIR domain on the C-terminus (right side) that is no
where one or more LRRs are present in each mammalian species. Black arrows in
four mammalian TLR3 proteins reveals six regions of LRR patterning similarity. (B
LRR patterning similarity. (C) Comparison of the three mammalian TLR8 proteins
mammalian TLR9 proteins reveals five regions of LRR patterning similarity.TLR3, 84, 79, 85%; TLR7, 87, 82, 88%; TLR8, 83, 84,
79%; and TLR9, 85, 81, 86%. Despite this degree of
similarity between these mammalian species mRNAs, it is
unknown how similar or dissimilar the protein domaincow, human, mouse, and dog for TLRs 3, 7, 8, and 9 and location of detected
an, mouse, and dog protein reference sequences were retrieved from GenBank
y available). Although only the LRR domains are depicted, each TLR has a
t shown. Regions of LRR patterning similarity are enclosed by a dashed box
dicate relative location of detected nsSNPs in the cow. (A) Comparison of the
) Comparison of the four mammalian TLR7 proteins reveals three regions of
reveals four regions of LRR patterning similarity. (D) Comparison of the four
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patterning.
The normal mode of the Simple Modular Architecture
Research Tool (SMART) [11] was used to generate domain
architecture depictions for use in comparison between human,
mouse, cow, and dog vrTLRs (Fig. 1). Regions of similarity in
the LRR patterning, defined as one or more LRR domains
present in all species being compared, are boxed in Fig. 1. TLR3
has six regions of conserved LRR domains, TLR7 has three,
TLR8 has four, and TLR9 has five. Further study is needed to
ascertain the importance of these conserved patterns in addition
to the functionality of the differing LRR domain regions (e.g., in
TLR8 the differing LRR domains between conserved regions 1
and 2).
Detected polymorphisms
The nsSNPs and uSNPs reported here will likely be of
greatest interest for future association studies. In Fig. 1, the
nsSNPs for each TLR are indicated at their approximate
position in the domain architecture. In addition Table 6 lists the
nsSNPs and the domain regions as they correspond to amino
acid positions. At least one nsSNP for each vrTLR occurs in a
LRR domain that perhaps may have some biological signifi-
cance. It may be important to note that only one nsSNP was
identified in a transmembrane domain and no nsSNPs were
found in the TIR domain of any vrTLR. Further studies are
needed to investigate any potential associations, but these
nsSNPs represent the best candidates to begin such studies. The
uSNPs could also play a role in terms of possible regulation of
gene expression for TLRs 3 and 7, as would the INDEL found
in the 3′ UTR of TLR7.
A total of 139 polymorphisms 193 were detected in 21,715
bp for a frequency of 1 polymorphism every 156 bp. While mostTable 6
Detected nsSNPs in bovine TLRs 3, 7, 8, and 9 and their location in relation to
the protein domain architecture
Gene Alleles aa pos a Domain b Domain pos c
TLR3 A/G 339 None
G/A 426 LRR 410–430
G/T 664 LRR 646–698
TLR7 G/A 109 None
A/C 379 None
G/A 835 LRR 792–843
G/A 845 Transmembrane 845–883
TLR8 T/C 349 LRR 329–353
A/T 377 LRR 359–382
A/C 385 None
C/A 408 LRR 386–409
G/A 477 None
G/A 492 None
C/A 772 LRR 764–815
TLR9 C/T 100 None
G/A 396 LRR 389–412
a Amino acid position of the nsSNP.
b Domain type, if any, where the nsSNP is located.
c Corresponding amino acid positions of the domain element.polymorphisms were detected in TLR3 (N=96), it is also the
largest gene of the four vrTLRs examined. TLRs 3, 7, and 9
have relatively equal numbers of nsSNPs (3, 4, and 2,
respectively), while TLR8 has nearly double (7). Similarly,
TLRs 3, 7, and 8 have relatively equal numbers of sSNPs (4, 2,
and 4, respectively), while TLR9 has nearly double (7). TLRs 3
and 7 have the same number of uSNPs (3 each), while TLR8
potentially has 1 and none were detected in TLR9.
Potential associations
A review of current literature yielded few reports investiga-
ting bovine vrTLRs and potential associations with pathogens.
One study [12] found in mastitis an increased mammary
mRNA abundance of three genes (β-defensin 5, TLR2,
TLR4), but not TLR9. Mastitis is typically caused by bacterial
infection, however, and of the four vrTLRs only TLR9 is
known to recognize both viral and bacterial pathogens. A
second study [13] investigated bovine respiratory syncytial
virus and noted that the TLR3 and TLR4 signaling pathways
may be involved in activation of NF-κB upon infection. No
papers investigating bovine TLRs 7 and 8 and potential
associations with pathogens were found through a literature
search.
In addition to a literature review, three online databases are
available that collate published bovine quantitative trait loci
(QTL). The databases are the Bovine QTL Viewer hosted at
Texas A&M University (http://bovineqtlv2.tamu.edu/index.
html), the CattleQTLdb hosted at Iowa State University
(http://www.animalgenome.org/QTLdb/cattle.html), and the
Combined QTL Map of Dairy Cattle Traits hosted by the
University of Sydney, Australia (http://www.vetsci.usyd.edu.
au/reprogen/QTL_Map/). A search of these databases found
12 health-related QTL, mainly for mastitis (somatic cell
score), on the same chromosomes as the vrTLRs. Seven of the
QTL are located on BTA27, the same chromosome as TLR3.
The remaining 5 QTL are located on BTA22, the same
chromosome as TLR9. No QTL were found in the databases
on BTAX, where TLRs 7 and 8 are located. The QTL that are
reported on BTAs 22 and 27 may overlap with the locations of
TLRs 9 and 3, respectively, which could make them strong
selections as candidate genes for those QTL.
Further comparison was conducted of the genomic
sequences of bovine TLR3 (NCBI GeneID 281535), TLR7
(GeneID 493686), TLR8 (GeneID 532262), and TLR9
(GeneID 282602) to human TLR3 (GeneID 7098), TLR7
(GeneID 51284), TLR8 (GeneID 51311), and TLR9 (GeneID
54106). The genomic structure of both bovine and human
TLR3 (hTLR3) comprises five exons and the coding region
begins in exon 2 and continues to exon 5. Throughout the
genomic sequence of hTLR3, 56 SNPs have been mapped in
the latest genome build (36) according to NCBI's MapViewer
(http://www.ncbi.nlm.nih.gov/mapview/) with the Variation
map option (the alignment of genetic variation data from
dbSNP onto genomic sequence). More SNPs (88 total) are
reported here for bovine TLR3. None of the coding region
SNPs in hTLR3 are at the same location as the coding region
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TLR7 (hTLR7) comprises three exons with the coding region
in exons 2 and 3. The coding region of bovine TLR7,
however, is contained in a single exon. Throughout the
genomic sequence of hTLR7, 109 SNPs have been mapped in
the latest genome build (36) on MapViewer compared to the
13 SNPs reported here for bovine TLR7. None of the coding
region SNPs in hTLR7 are at the same location as the coding
region SNPs found in bovine TLR7.
Like hTLR7, the genomic structure of human TLR8
(hTLR8) comprises three exons with the coding region in
exons 2 and 3, while the coding region of bovine TLR8 is
contained in a single exon. Throughout the genomic sequence
of hTLR8, 89 SNPs have been mapped in the latest genome
build (36) on MapViewer compared to the 12 SNPs reported
here for bovine TLR8. None of the coding region SNPs in
hTLR8 are at the same location as the coding region SNPs
found in bovine TLR8. The genomic structures of bovine
TLR9 and human TLR9 (hTLR9) both comprise two exons
and the coding region starts in exon 1 and ends in exon 2.
Throughout the genomic sequence of hTLR9, 14 SNPs have
been mapped in the latest genome build (36) on MapViewer
compared to the 17 SNPs reported here for bovine TLR9.
One hTLR9 SNP (dbSNP ID rs352140) has alleles A/G and
corresponds to amino acid position 545. This SNP is
synonymous, coding for a proline amino acid with either
allele. Alignment of the hTLR9 protein (Accession No.
NP_059138) with the bovine TLR9 protein (Accession No.
NP_898904) reveals 80% similarity between the sequences
and hTLR9 amino acid position 545 corresponds to bovine
TLR9 amino acid position 543. One bovine TLR9 A/G
SNP (Table 4, ss69357337) is at corresponding amino acid
position 543, which is synonymous, coding for a proline
amino acid with either allele. This demonstrates conservation
of bovine TLR9 SNP ss69357337 and the rs352140 SNP in
hTLR9. Conservation of polymorphisms across mammalian
species has been previously reported [14], but this may be
the first such report of a human polymorphism conserved in
bovine.
The polymorphisms reported here may also assist future
evolutionary, genomic, and phylogenetic analyses examining
the development of the TLR gene family as well as the variation
between Bos subspecies. Such studies were not the aim of this
work; thus further validation of the polymorphisms reported
here will be necessary to conduct these types of analyses
properly.
Conclusions
The objective of this work was to detect polymorphisms in
the genomic sequences of the bovine vrTLRs and examine
conservation of their LRR patterning between human, mouse,
cow, and dog. Both SNPs and INDELs were identified for a
total of 139 polymorphisms. The sequence data were deposited
into the publicly available GenBank and dbSNP at NCBI. The
conservation of the vrTLRs between several mammalian
species was examined based on the domain architecture ofLRR patterning. Prospective functionally important nsSNPs
were identified based on their location relative to the domain
architecture of each vrTLR. TLRs 3 and 9may be candidates for
published health QTL on BTAs 27 and 22, respectively. A sSNP
in TLR9 was found to be conserved in hTLR9. Future work will
include validation of the polymorphisms in larger sample sets
and association analyses for resistance or susceptibility to viral
infection in cattle.
Materials and methods
Primers and PCR
All PCR primers were designed using the Web interface for Primer3 (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_ www.cgi). PCR primers for ampli-
fication of the vrTLR sequences are shown in Table 7. Twenty-three primer sets
were designed to amplify TLR3, 6 primer sets were designed to amplify TLR7, 7
primer sets were designed to amplify TLR8, and 10 primer sets were designed to
amplify TLR9.
All primers were amplified using step-down thermocycling conditions of
10 min at 95°C followed by 5 cycles of 30 s at 95°C, 20 s at 60°C, and 15 s at
72°C and an additional 30 cycles of 20 s at 95°C, 20 s at 58°C, and 30 s at 72°C,
with a final extension of 10 min at 72°C. Concentrations for a 10-μl PCR
volume were 0.2 mM each dNTP, 5 ng/μl genomic DNA, 0.5 μM each primer
(forward and reverse), 1.5 mMMgCl, 1× GeneAmp PCR Gold Buffer (Applied
Biosystems, Foster City, CA, USA), and 0.05 units/μl AmpliTaq Gold DNA
polymerase (Applied Biosystems).
Sequencing
DNA sequencing of PCR products was conducted on a positive control
sample prior to polymorphism detection on the breed panel for verification of
product identity. Sequencing was carried out using the method described
below and all sequencing was done in both forward and reverse directions. A
35-μl PCR was performed, of which 5 μl was visualized by agarose gel
electrophoresis for confirmation of amplification and the remaining 30 μl
purified using the QIAquick PCR Purification Kit (Qiagen, Valencia, CA,
USA) according to the manufacturer's specifications for downstream
sequencing. Direct sequencing of purified PCR products was conducted in
10-μl reaction volumes with the following reagents: 2 μl of ABI BigDye v1.1
(Applied Biosystems), 2 μl of halfBD (Genetix USA, Boston, MA, USA),
1 μl of Gibco distilled water (Invitrogen, Grand Island, NY, USA), 1 μl of
forward or reverse PCR primer (10 μM), and 4 μl of purified PCR product.
Sequencing thermocycling conditions were 10 min at 95°C followed by 75
cycles of 45 s at 95°C, 20 s at 58°C, and 4 min at 60°C. Removal of excess/
unincorporated dye terminators was carried out using Sephadex purification
columns stored in water (Applied Biosystems) according to the manufacturer's
specifications. Purified sequencing reactions were dried using a Speedvac and
stored at −20°C. Each sample was rehydrated with 15 μl of ABI HiDi
Formamide (Applied Biosystems) and resolved on an ABI 3730 automated
sequencer (Applied Biosystems).
DNA samples
Optimization of primers as well as sequencing verification of PCR products
was conducted with a DNA sample from an Angus bull. The Angus DNA
sample was extracted from fibroblast skin cell culture as previously described
[7]. Additional DNA samples extracted from spermatozoa from various breeds
[15] were available in the laboratory. One sample of each breed used in this
study, in addition to Angus, was from Braford, Brahman, Charolais, Holstein,
Limousin, Nelore, Piedmontese, and Romagnola. Sequences generated in this
study were compared to the publicly available Hereford whole genome shotgun
sequence from the Bovine Genome Project (http://www.hgsc.bcm.tmc.edu/
projects/bovine/). These 10 breeds represent taurus and indicus subspecies of
the Bos genus.
Table 7
PCR primers for amplification of bovine TLRs 3 a, 7 b, 8 c, and 9 d
5′ to 3′
TLR3
TLR3_01 F: ATTAGGGACTGAGGGTTTTT
R: CTCTGTTCTCCTTGTTGAATG
TLR3_02 F: GGTCTTTATTTGATCTGGTGCT
R: GTTTGGGACATGGCGTCT
TLR3_03 F: TGTTAGTGTGTGTCTGCGTAAA
R: GGGTGAGTGAAAAAGGAAAA
TLR3_04 F: AGCCATCAGGATCTCTTTCC
R: CTCAGCGACTTCACTTTCAC
TLR3_05 F: GTCGCCATTTCCTTCTCC
R: CCACAAACTCTCCCCTTCC
TLR3_06 F: ATTGGAGGCAGGTTCTTCAC
R: ATCTCATTGTGTTGGAGGTTC
TLR3_07 F: GTCAAAGTCTCCCTTGGTTG
R: GCTGACAAGAAAAAGGTGGT
TLR3_08 F: GGGATGAAAAAGTGTCGAGT
R: GTCTGTGCTTTGGGATGTTT
TLR3_09 F: TCAAAAGTAGCACGAAATGG
R: AGTCTTGGCATCAAAAATGG
TLR3_10 F: TGCTATTTTGCTGTCCAGTT
R: GGACCCTCCACTTCTTTTTG
TLR3_11 F: CCTTCACACATACTGCTTTGG
R: TCCCGATACTCTTCTTCTTGG
TLR3_12 F: CCTATAACGGAGTAAACCTAACCT
R: CTGTGTAAAACCACGATAAGCA
TLR3_13 F: AGTTTCAGGTGATTAGCAAAGG
R: CTCAATCTTTCCCAGCATCA
TLR3_14 F: CTGTGCTGTATTGCTTCTCTG
R: GTTTCCATCTGTCTTCTGCTCT
TLR3_15 F: TTCCTTCTCTCCTGCCTTCT
R: CACTACTCAGCACCCACATC
TLR3_16 F: GTCTGGGAGATCAGGGAAG
R: CCACTGAAAGGAAAAATCGT
TLR3_17 F: GCTCTTTTTATGGGCTTTCC
R: CCTTCAGCAACTCGTCATTT
TLR3_18 F: CCTGAAAAATGTGGACTGCT
R: GTATTGGGGCGGAGTGTT
TLR3_19 F: CCACACCAACATCTCTGAAC
R: AAACTGGACACAGCCAAATC
TLR3_20 F: CAAAAGGTAGGTGAACACTATGAC
R: ATATGGGACGGGCAGTTT
TLR3_21 F: GTAGCCATTCCCTTCTCCA
R: CAGCCCAACGCTCTAAAATC
TLR3_22 F: ACCTGGGTTTTAGTGACAAG
R: GCCTGAAATAGGGAGACATA
TLR3_23 F: GTCCAGAAATTCAGCACATT
R: AGGTGTACGTTTTACCCTTTCA
TLR7
TLR7_01 F: CCCAATGTGTAGGGAAAATG
R: CACAGGGCAGAGTTTTAGGA
TLR7_02 F: TTTCAGGTGTTTCCAATGTG
R: GGATCAATCTGTAGGGGAGAA
TLR7_03 F: GAAATTGCCCTCGTTGTT
R: AGCCGATTGTTAGAGAAGTCC
TLR7_04 F: CAGGAAATAGCATTAGCCAGA
R: TAACCCACCAGACAAACCAC
TLR7_05 F: CCAGAAAACGTCCTCAACAA
R: AGTCACATTCGGCAAAGAAG
TLR7_06 F: AACAAACCCACAGGCTCAC
R: CAGGAGAGAAAGAGCAAGGA
Table 7 (continued)
5′ to 3′
TLR8
TLR8_01 F: GCGTTTCCTTGAGTTATGCT
R: CTTCCGTCACATCTTTGTCC
TLR8_02 F: GCAGAATGTAATGGTCGTCG
R: CAAGGTACACAGGGAAATGG
TLR8_08 F: AGTGGAAACTGCCCGAGA
R: GCTTCAGGATGTGACTTTGG
TLR8_04 F: CAGAATATCACCCTTGGTCAG
R: AGCATTCCACAGAAGGTCAA
TLR8_05 F: TAACGCACCGTCTAGGATTT
R: TCTCCGAAGTCACAGGTACAG
TLR8_06 F: TGTTTTGGAACTAGGGGGTAA
R: CTTGCTTTGGTTGATGCTCT
TLR8_07 F: CCTGGAAGAGAGTGAGGACA
R: GGCTCTGAAGTGGATGCTAA
TLR9
TLR9_01 F: GTTTGTGCTCTGATGGTGCT
R: CCCCTTCCTCTTTCTACTCC
TLR9_02 F: CTTCACCTCTCCCCAGACTT
R: CCGTGTTTCTCTCCATCACT
TLR9_03 F: TTCTCACTTCCTCTGATCTCT
R: TGCCTAGCTCTTTCATGCTC
TLR9_04 F: ATTCGTTCTGACCCACAGCA
R: TTCTCTCTCCAGTGCCCATC
TLR9_05 F: AGATTGCAGGTCTCAGGATG
R: ACAGGTGGACGAAGTCAGAG
TLR9_06 F: CCAGCCTCTCCTTAATCTCC
R: CGGAACCAATCTTTCTCTAGTT
TLR9_07 F: CCTGACACCTTCAGTCACCT
R: GCGGGTAAACATCTCTTGCT
TLR9_08 F: CGTCAGCTCAAAGGACTTCA
R: AGGGTGTGCAGATGGTTCTC
TLR9_09 F: GGGAGACCTCTATCTCTGCTTT
R: CGCTCACGTCTAGGATTTTC
TLR9_10 F: CCTCCTGGTTCGGTTCCTTA
R: CGGTTATAGAAGTGACGGTTG
a Contig accession number used for primer design: NW_001021053.
b Contig accession number used for primer design: NW_290787.
c Contig accession number used for primer design: NC_007331.
d Contig accession number used for primer design: NC_007320.
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Forward and reverse sequences were generated for each PCR product. Each
forward and reverse sequence from a single DNA sample was compared to the
other to generate a consensus sequence for that DNA sample (without primer
sequences) and to identify polymorphisms within the sample (intrabreed).
Consensus sequences from multiple DNA samples were then also compared to
each other to identify polymorphisms between breeds (interbreed). All sequence
analysiswas carried out using the commercially available Sequencher v4.2 (Gene
Codes, Ann Arbor, MI, USA).Acknowledgments
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